MAIN TEXT
Controlling the near-filed coupling of metallic nanostructures has played a central role in the field of plasmonics with potential applications in integrated optics, solar energy harvesting, and bio-chemical sensing. [1] [2] [3] [4] Recent advances in nanofabrication have further developed plasmonic complexes, allowing for interesting hybridized responses inaccessible by individual elements. [5] [6] [7] [8] In particular, it is well known that a plasmon mode can be either super-or sub-radiant depending on radiative losses, and their coupling gives rise to asymmetric Fano resonance with the steep dispersion. [9] [10] [11] The quality factor of Fano resonance can be also very high by engineering their coupling strengths, thereby efficiently trapping the incident light into a long-lived sub-radiant mode. 12, 13 Such geometry-dependent plasmon characteristics offer a new capability to manipulate optical confinement at the nanoscale, i.e., plasmonic hot-spots, as well as their spectral responses. 14, 15 A plasmonic metamaterial is an advanced example, [16] [17] [18] where macroscopic optical properties, permittivity and permeability, of plasmonic ensembles can be tailored at will, overcoming fundamental limitations in conventional optics. [19] [20] [21] [22] [23] [24] [25] Surface-enhanced infrared absorption (SEIRA) is the promising application by fully utilizing plasmonic resonant nature for strong optical interaction with molecules.
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Plasmonic hot-spots have been traditionally investigated on metal island films, but they suffer from poor reproducibility due to the uncontrolled surface nanostructures. 27 Well-defined plasmons in optical nanoantennas were recently proposed for the resonant SEIRA where the spatial and spectral mode overlapping were dramatically improved between the plasmons and molecular vibrations. [28] [29] [30] [31] [32] [33] Engineered IR metamaterials were also demonstrated for the background-suppressed SEIRA to gain a large vibrational signal contrast for better sensitivity. 34, 35 Based on such hot-spot engineering in tailored plasmonic nanostructures, atto/zeptomole sensitivity of SEIRA is now practically possible for specific conditions. On the other hand, for reliable IR inspection of small amounts of molecules, the surface density of hot-spots over the sample is also crucial to trap as many as possible of molecules contributing to the vibrational signal from the system. 36 However, once plasmonic elements with enhanced hot-spots are closely packed, unwanted near-field coupling between the adjacent unit structures usually modifies their mode profiles, thereby rendering the hot-spots broad and weak; therefore, increasing the hot-spots density while maintaining their quality factors remains a major challenge.
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Here, we address this issue by fully controlling plasmonic interference in a metamaterial lattice for high-sensitive SEIRA. Specifically, we study the near-field coupling in a metamaterial consisting of a strongly-coupled array of super-and sub-radiant plasmonic elements to exhibit classical analogue of electromagnetically induced transparency (EIT) arising from Fano resonance. [41] [42] [43] [44] Different from our previous work, (blue), and P x /2 (red) to control the near-filed coupling among the adjacent unit cells.
Depending on plasmonic interference in the lattice, the quadrupole mode in the bar pairs is constructively excited at 1730 cm -1 , which spectrally overlaps with the C=O vibrational mode.
The transmission properties of the metamaterials were experimentally characterized by using a Fourier-Transform Infrared Spectrometer (FT-IR) equipped with a polarized infrared microscope (JASCO, FT/IR-6300FV and VIRT-3000). To improve the signal-to-noise ratio of the spectra, a square aperture with an area of 100 ´ 100 µm 2 was installed at the pupil plane of the microscope and a sample chamber was purged with dry nitrogen gas. Figure 2 (a) shows the measured transmission spectra of the metamaterials with different lateral displacements for the x-polarized incident light. Here, the measured spectra were normalized by that of a bare Si substrate to discuss only the optical responses of the metamaterials. Without a lateral displacement of d = 0 (green), a typical transmission dip is observed in the shaded region due to the dipole plasmon resonance of the horizontal bars.
For d = P x /4 (blue) and P x /2 (red), on the other hand, an EIT-like transmission peak clearly appears within the dip due to constructive interference of the quadrupole plasmons in the lattice. These observations are well supported by the corresponding numerical results in Fig.   2 (b), which were obtained by using the three-dimensional electromagnetic simulation software, CST Microwave Studio, with e Si = 11.56 and the empirical value for e Au . 45 For the y-polarization, on the other hand, only the dipole plasmon resonance of the vertical bars was observed at a higher frequency (see supplementary material Fig. S1 ). Figure 3 shows the corresponding mode profiles of the metamaterials at 1750 cm -1
in Fig. 2(b) . Note that Figs To better understand the underlying mode interactions in the metamaterial-molecular coupled system, another set of numerical simulations was carried out as shown in Fig. 4(b) . In the calculation, the C=O bond in the PMMA layer was The corresponding numerical simulations revealed that constructive interference uniformly forms coherent quadrupole plasmons over the metamaterial lattice, leading to a stronger molecular signal from the system. Our approach based on robust hot-spots in a metamaterial lattice may hold great promise for realizing a reliable sensing platform of advanced IR inspection technologies.
See supplementary material for the polarization dependence of the transmission spectra and the ultimate sensing capability of the metamaterial lattice.
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